DEVELOPMENT OF THE VERTEBRATE heart is a complex process, requiring the integration of multiple cell types into a specific arrangement that is essential for cardiac function. Despite a longstanding fascination with these processes, our knowledge of the molecular mechanisms that control cardiac development remains extremely limited. Given that we are familiar with so few of the key molecules, a classical genetic approach, in which mutagenized organisms are screened for phenotypes of interest, is appealing. In contrast to targeted mutagenesis, a genetic approach
does not require prior knowledge of specific genes nor make assumptions about their roles; these aspects of gene targeting can be time-consuming and risky, especially considering the likelihood of functional overlap within the vertebrate genome.
Ž . The zebrafish Danio rerio presents opportunities for genetic analyses unique among vertebrates, primarily due to its small size, fecundity, and brief generation time. Of course, such practical benefits are inconsequential without the ability to identify mutants with cardiac defects easily; here the aesthetic advantages of the transparent zebrafish embryo come into play. The developing zebrafish heart is constantly visible, 1 in contrast to the mammalian heart's relative inaccessibility. Additionally, unlike the mammalian embryo, the zebrafish embryo does not require a functioning cardiovascular system for survival during embryogenesis; 2 diffusion of oxygen from the surrounding medium is sufficient. This feature allows continued study of mutant hearts and also provides an opportunity to analyze additional effects of specific mutations on other embryonic organs.
Here, we illustrate the utility of zebrafish genetics in the investigation of a specific aspect of cardiac developmentᎏthe formation of cardiac chambers. We review our current understanding of this process, highlighting unanswered questions, and then describe recent efforts to employ a genetic approach to these problems.
Chamber formation creates a simple anteriorposterior pattern within the embryonic vertebrate heart
In all vertebrates, bilateral precardiac regions of the lateral plate mesoderm migrate toward the embryonic midline where they fuse to form the definitive Ž . 3 heart tube Figure 1 . Further differentiation of the heart tube, including constriction and valve forma- 3 Bilateral precardiac regions within the lateral plate mesoderm are depicted as black ovals. These regions migrate toward the embryonic midline, where they fuse to form a myocardial tube with an endocardial lining. Distinct preventricular and preatrial lineages exist within the heart tube. Here, the preventricular myocardial cells within the heart tube are shown in dark gray, and the preatrial myocardial cells within the heart tube are shown in light gray. Further differentiation of Ž . the heart tube produces two morphologically obvious chambers, an anterior ventricle dark gray Ž . and a posterior atrium light gray .
tion at the atrioventricular boundary, divides it into two major chambers, an anterior ventricle and a Ž . posterior atrium Figure 1 . This simple anterior-Ž . posterior A-P pattern is also evident in the histological and physiological differences between ventricular and atrial tissue. For example, each chamber con-Ž tains specific isoforms of contractile proteins re-. viewed in ref 4 , and each chamber has a distinct rate of contraction. 5 Many chamber-specific characteris-Ž . tics persist through adulthood Figure 2 .
Conceptually, at least, cardiac chamber formation can be separated into two phasesᎏthe initial specification of separate preventricular and preatrial lineages and the subsequent differentiation events that produce distinct ventricular and atrial chambers. The signals that initiate chamber specification, the receptors that transduce these signals, and the factors that control chamber-specific differentiation all remain mysterious.
Mapping the origins of ventricular and atrial cells
We do not know precisely when the specification of preventricular and preatrial lineages occurs. Fate mapping studies suggest that these lineages may originate very early, even prior to gastrulation. For instance, in zebrafish, a single precardiac cell labelled at the midblastula stage gives rise to labelled progeny in either the ventricle or the atrium, but never in both chambers. 7 In the chick, precardiac cells that ingress through the rostral portion of the primitive streak end up in the ventricle, while cells that ingress through more caudal regions end up in the atrium. 8 Taken together, these studies suggest the existence of physically separate preventricular and preatrial fields within the blastula, the relative positions of which are maintained during gastrulation and cardiac fusion.
Molecular evidence for distinct lineages within the heart tube
Fate mapping experiments cannot establish when preventricular and preatrial cells become distinct from each other on a molecular level. This may occur shortly after gastrulation is complete: at this stage, explants of subregions of chick bilateral precardiac mesoderm exhibit restricted developmental potential. 9 However, overt chamber-specific differentiation has not been detected until cardiac fusion is underway. As the heart tube forms, the restricted expression of chamber-specific genes defines sepa-Ž . rate preventricular and preatrial regions Figure 1 . For instance, in chick and zebrafish, an atrial myosin heavy chain isoform is expressed only at the preatrial end of the forming heart tube; 6, 10 in mouse, the expression of a ventricular myosin light chain isoform is restricted to the preventricular end of the forming heart tube. 11 Thus, preventricular and preatrial cells have different characteristics prior to chamber demarcation, at least by the time of cardiac fusion, and probably earlier. 
The role of retinoic acid in atrial development
The data in favor of early separation of preventricular and preatrial lineages do little to clarify the relevant molecular players; most efforts in this regard have focused on the potential roles of retinoids. In Ž . particular, retinoic acid RA ᎏoften implicated in the A-P patterning of segmented structures, such as Ž digits, hindbrain rhombomeres, and vertebrae re-. viewed in ref 12 ᎏmay play a similar role in cardiac A-P patterning. Exogenous RA treatments can cause anterior segments of various tissues to assume more posterior identities; 12 similarly, in zebrafish and chick, exogenous RA treatments inhibit the development of ventricular cells. 6, 9, 10 The effectiveness of exogenous RA suggests that endogenous RA signalling may encourage atrial development at the expense of ventricular development.
Recent studies of RA synthesis and activity within the embryonic mouse heart further support the importance of endogenous RA for cardiac A-P patterning. 13 As the murine heart tube forms, the RA-synthesizing enzyme RALDH2 is only present in preatrial regions. Furthermore, transgenic mice carrying a reporter gene under the control of a RA-responsive promoter element demonstrate that retinoid signalling is restricted to the same preatrial locations. Taken together with the effects of exogenous RA treatment, these data suggest that cell-autonomous retinoid signalling within the myocardium controls atrial differentiation.
The targets of retinoid signalling in preatrial cells are not yet known. Posterior transformations of anterior digits, rhombomeres, or vertebrae by RA are thought to be controlled by RA-mediated shifts in Hox gene expression. 12 It is not clear what roles Hox genes may play in cardiac A-P patterning. However, several chick Hox genes are more highly expressed in preatrial regions than in preventricular regions, and some of these Hox genes are upregulated in RAtreated precardiac explants.
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A nascent model of cardiac chamber formation
Based on the data described above, we can begin to sketch a plausible scenario for cardiac chamber formation. In the early embryo, perhaps even the blastula, preventricular and preatrial specification occur in response to unidentified signals emanating from an unidentified source. Recent studies indicate that A-P patterning of the mouse embryo is influenced prior to gastrulation by an A-P prepattern within extraembryonic tissues; 15 similarly, the transfer of information from extraembryonic sources to the embryo may establish the cardiac A-P prepattern. Alternatively, intraembryonic signals may be responsible for specification of preventricular and preatrial lineages. The orientation of the precardiac field relative to an embryonic signalling center, such as the dorsal organizer, may result in differential reception of critical signals within the field, thereby producing a pattern. In any case, transduction of specification signals triggers the expression of chamber-specific transcription factors that initiate chamber-specific gene expression programs. In preatrial cells, these factors regulate RALDH2 production, RA synthesis begins, and subsequent RA signalling controls further atrial differentiation. The control of the ventricular program is more mysterious; either a lack of RA signalling is sufficient to initiate ventricular differentiation, or other unknown signals are involved. Finally, as differentiation proceeds, the bilateral pairs of preventricular and preatrial fields join together, forming a patterned heart tube.
While this model is reasonable, we have yet to grasp the actual molecular basis for the specification and differentiation of cardiac chambers. It is now essential to identify the specific genes involved; unfortunately, no extant mouse mutation directly does so. A few mouse mutations do cause notable ventricular defects; for instance, mutations in the genes encoding the transcription factors MEF2C 16 and dHAND 17 and the protein core of the proteoglycan versican 18, 19 all cause hypoplasia of the right ventricle. Since the right ventricle develops from the most anterior portion of the heart tube, 20 these defects may result from improper cardiac A-P patterning. However, it has not yet been established whether these errors occur during ventricular specification or during downstream steps of ventricular differentiation. In the absence of any clear candidates for regulators of cardiac chamber formation, a genetic analysis in the zebrafish is likely to be a productive strategy to identify relevant genes.
Screening for mutations affectingthe zebrafish embryo
Motivated by the potential of the zebrafish for genetic analyses, groups in Boston and Tubingen recently conducted large-scale screens aimed at identifying mutations critical for numerous aspects of zebrafish embryogenesis. 21, 22 In general, these screens involved evaluating the gross morphology of mutant embryos, including the form and function of the heart. Overall, these efforts were enormously successful; together, the Boston and Tubingen screens identified nearly 2000 different mutations, representing between 400 and 1000 different genes, each affecting specific developmental processes. More than 100 of these mutations, representing over 60 different genes, cause specific defects in cardiovascular development. 23, 24 For example, mutations in six distinct genes block cardiac fusion, and mutations in 26 genes disrupt cardiac contractility. Only two genes identified Ž . in the Boston and Tubingen screensᎏpandora pan Ž . and lonely atrium loa ᎏspecifically affect cardiac chamber formation.
Pandora and lonely atrium
Both the pan and loa mutations affect ventricular development; the hearts in these mutant embryos have only one major chamberᎏan atrium, with little if any ventricular tissue attached. In pan mutants, a small stub of ventricle-like tissue is attached to the anterior end of the dilated atrium; 23 furthermore, pan mutants exhibit runted tails, reduced pigmentation, ear defects, and malformations of the ventral retina, indicating that the affected gene plays a role in multiple processes of patterning and morphogenesis. In contrast, the phenotype of loa mutants appears to be cardiac-specific; 24 the ventricle is missing, while the rest of the embryo seems normal. It will be interesting to learn more about the nature of the pan and loa mutations. In particular, it will be important to determine whether these ventricular defects are cell-autonomous, whether the developmental errors occur during ventricular specification or differentiation, and what exactly goes wrong on a molecular and cellular level. Finally, it will be exciting to determine the identity of the affected genes and understand their roles in the normal process of cardiac A-P patterning.
Expanding the collection of mutations
As intriguing as pan and loa are, achieving a thorough understanding of cardiac chamber formation will require the identification of additional relevant genes. The large-scale Boston and Tubingen screens did noẗ attain saturation, 21, 22 , suggesting that further screening could uncover additional useful mutations; we have recently completed a screen directed toward this goal. 25 In contrast to the previous screens, which examined cardiac morphology in live embryos, we employed molecular criteria in order to enhance the detection of more subtle mutations. Specifically, for the inspection of cardiac chamber formation, we stained the heart tubes of fixed embryos with antibodies that distinguish ventricular and atrial myosin heavy chain isoforms. 6 Furthermore, in order to expedite the identification of relevant mutations, we employed a novel screening strategy, in which we analyzed the haploid progeny of 340 mosaic F1 females, each estimated to carry ten ENU-induced embryonic lethal mutations. 25 Altogether, we identified 20 mutations affecting ventricular development and Ž . one mutation affecting atrial development Figure 3 .
The relative ease of identifying zebrafish mutations Figure 3 . Zebrafish mutations disrupt cardiac chamber formation. 25 Wild-type and homozygous mutant embryos were Ž . immunostained with the MF20 anti-myosin heavy chain Ž . and S46 anti-atrial-specific myosin heavy chain monoclonal antibodies at 48 h post-fertilisation. 6 that disturb ventricular development, in comparison to atrial development, suggests that the specification of preventricular cells may be more sensitive to disruption than the specification of preatrial cells. Perhaps the process of cardiac A-P patterning is primarily a matter of inducing ventricular cell fates via suppression of RA synthesis. Alternatively, the bias toward detection of mutations affecting ventricular development may not reflect the complexity of ventricular specification, but instead the complexity of ventricular differentiation, an idea supported by the relative frequency of mouse mutations that cause ventricular hypoplasia.
Using the mutations to investigate cardiac chamber formation
As described above for pan and loa, further characterisation of these additional mutations will reveal the precise nature of each defect. Mutations that cause cell-autonomous defects in ventricular development may help to identify the receptors and downstream molecules that initiate and enact ventricular differentiation, while those mutations that cause cell nonautonomous defects may help to identify the tissues responsible for ventricular specification or differentiation and the signals that these tissues produce. The sole mutation affecting the atrium may help to identify a player in the RA-mediated signalling that influences atrial development or may reveal another pathway involved in atrial specification or differentiation. This collection of mutations is an excellent resource not only for identifying novel genes, but also for clarifying their precise roles and identifying interacting genes as well as downstream targets. Such work will be greatly aided by recent improvements in zebrafish genomic resources, 26, 27 positional cloning techniques, 28 and insertional mutagenesis strategies. 29 ᎐ 31 Over time, analyses of these zebrafish mutations will lead to the assembly of a genetic pathway responsible for cardiac A-P patterning, particularly for ventricular specification and differentiation. The genetic analysis of cardiac chamber formation in the zebrafish promises to add substantially to our understanding of this specific process. Importantly, this work may also illuminate the mechanisms of patterning during organogenesis in general. Similarly, future applications of zebrafish genetics to the study of additional elements of cardiac development are likely to provide a broader comprehension of many aspects of vertebrate organogenesis.
